Abstract: Morphometry and formation processes are key research problems in the study of aeolian sandy landforms. Based on morphometric parameters inferred from satellite images and the calculation of the drift potential (DP), we examined general characteristics of lunette dunes in the Tirari Desert, South Australia, along with their morphometry and formation processes to determine how this landform type initially formed and its relationship to surrounding linear dune distribution. Results show that the morphometric parameters of lunette dunes and connective lake systems exhibit moderate correlations. It suggests that the morphology of these dunes is controlled by the lakes. Spatially, the lunette dunes present regular arrangement, and the strike of their alignment are approximately in accordance with the linear dunes. The calculated DP implies that the lunette dunes developed under a lowwind-energy environment, which is a wind regime similar to that required for the formation of the surrounding linear dunes. Even though, the resultant DP demonstrates that the summer wind should be responsible for the growth of the lunette dunes. However, accompanied with the repeated drying of lakes and even its disappearance during the dune development process, it not only contributes to the development of lunette dunes but also promotes their transformation to linear dunes.
Introduction
Morphometry and formation processes are key research problems for the study of aeolian-driven sandy landforms; its theoretical basis is that the process determines the form and the form reflects the process [1] . In different areas, aeolian-driven sand transportation processes are affected by different factors, such as varying wind regimes, ecological systems, and hydrological systems, which result in different dune morphology [2] .
Australia has the second largest subtropical desert area in the world. These deserts are covered by enormous, counter-clockwise turbine-shaped linear dunes [3, 4] , which have subsequently aroused widespread attention and research interest by aeolian geomorphologists. Much research has been conducted thus far on the morphology and formation of linear dunes. For instance, Wasson et al. [5] studied the type, spacing, and orientation of linear dunes; Fitzsimmons et al. [4] researched the timing of linear dune activity; and Telfer et al. [6] discussed the morphodynamics, boundary conditions, and pattern evolution within a vegetated linear dune field. In addition to linear dunes, Australian deserts are also composed of transverse dunes and irregular dunes, such as crescent dunes [7] and lunette dunes [8] , but, in general, there has been little research on these dune types [10] . Lunette dunes are sand dunes that typically form on the leeward side and feature a wind-sculpted crescent shape [8] , such as the megadunes and lake systems found in the Badain Jaran Desert in China [10, 11] . Compared to these megadunes, lunette dunes are relatively small and their edges are flanked by a wide range of linear dunes. Thus, why do lunette dunes form around linear sand dunes, and how do they relate to linear dunes? Based on these questions, we selected lunette dunes in the Tirari Desert as the research object of this study. It is hypothesized that this type of dune-lake system is likely to assist in the development of linear sand dunes, especially in arid climates. As proposed by Hesse et al. [12] , in early 25,000 BP water levels in arid areas of central Australia decreased, and the degree of soil salinization subsequently increased, resulting in the formation of clay-rich sandy sediments, which laid In this study, we used data obtained from satellite imagery to study the morphological characteristics of lunette dunes in the Tirari Desert. The aim of this study was to understand the relationship between this dune-lake system and try to explain its relationship to linear dunes. This study could provide new information to further discern the formation and evolution of linear dunes in Australia.
Regional setting
The Tirari Desert is located in South Australia and covers an area of 15,250 km 2 ( Fig. 1) . It stretches 212 km from north to south and 153 km from east to west. The desert is adjacent to the Simpson Desert to the north, the Strzelecki Desert to the southeast, and the Sturt Stony Desert to the east. The western, eastern, and northern section of this desert is bordered by Lake Eyre, and Cooper Creek flows through its interior. Because little research has been conducted on the Tirari Desert to date, some scholars have included it in studies related to the Strzelecki Desert [4, 13] , while other scholars have regarded it as an extension of the Simpson Desert [14] . In contrast to these studies, because the Tirari Desert exhibits unique hydrological and geomorphological characteristics that are distinctly different from those of the adjacent deserts [13] , we regarded the Tirari Desert as a separate entity. This desert is characterized by large dune fields orientated in a north-south direction and a myriad of salt lakes in the northeastern and eastern sections of Lake Eyre. The environmental conditions of Cooper Creek are extreme, being one of the hottest and driest places in Australia. The average annual rainfall is 125 mm; the annual average temperature is 22.6 ∘ C (Fig. 2a) , and the interannual variability is very high for both precipitation and temperature [15] . 
Materials and methods

Morphological parameters
Parameter measurement
In this study, we mainly used WorldView-2 satellite imagery (http://www.zj-view.com) at a resolution of 0.5 × 0.5 m and Google Earth images in ArcGIS 10.2 (www.esri.com) to draw and measure morphological parameters. Squares were randomly selected in the northern section of Lake Koolkootinnie, which is situated far from potential disturbances. The study area is located at 27 ∘ S and 137 ∘ E. In total, the study area is composed of 60 sand dunes and 60 lakes. We measured the left wing length, right wing length, width, center angle, direction, area, and spacing of each dune, as well as the length, width, and area of the lake (Fig. 2 ). However, due to technical limitations, we did not measure sand dune height. Instead, we measured the average area of two adjacent sand layers according to (area 1 + area 2)/2, which was used to define the relationship between sand area and dune spacing [10, 19, 20] . 
Parameter calculation
First, according to a range of parameters, mathematical statistics were used to determine the cumulative percentage. Then, the coefficient of variation (CV) was calculated to compare the degree of dispersion and data stability for different dimensions or different means [21] . Among these, the greater the CV value is, the greater the degree of dispersion will be, namely, the greater the volatility of the data. Conversely, the smaller the CV, the smaller the degree of dispersion will be, namely, the more stable the data. When the CV is less than 1, the average amplitude of the change in the threshold estimation value is smaller than the average value, and the stability is better. When the CV is greater than 1, the average amplitude of the change in the threshold estimation value is greater than the average value, and the stability is poor. The specific calculation is as follows:
where n is the number of samples; σ is the standard deviation of the samples; x i is the value of the morphological parameter; and x is the average of the morphological parameter. Subsequently, correlation analysis was conducted on the various lunette dune and lake parameters. Finally, the SPSS 24.0 canonical correlation analysis (CCA) feature was used to further reflect the typical variables in the relationship between the two variable groups. The dominant factor was determined by the magnitude of the absolute value of the typical load, which was used to determine the interaction between lake and sandy sediment.
Meteorological parameters
Meteorological data from the National Standard Climate Station, which is located on the eastern side of the study area, were obtained from the National Weather Data website (http://data.cma.cn/). Airport weather station data are more accurate, and distance information was accordingly taken from the latest weather station data in the study area. In accordance to the spatiotemporal continuity and reliability of the data, the selected average daily meteorological data was taken from January 1, 2016, to December 31, 2016, and included the average wind speed, wind direction, average precipitation, and sea-level pressure. Wind speed was measured at a height of 10 m. Drift potential (DP) calculations were used to reflect the influence of the wind on the landscape according to the standards employed to determine the wind energy environment.
Results
Morphometry
A unique lunette dune assemblage of approximately 20 km 2 in area is located 2 km to the north of Koolkootinnie Lake. In 2015, we collected 1984 images (Fig. 4a) from Google Earth and a research area image (Fig. 4b ) from the WorldView-2 satellite. The images showed that some weak geomorphologic changes occurred in the study area over the last 30 yr. These changes were due to evapotranspiration and the wind regime around the lake, which had a significant impact on the concomitant sandy areas. The images also showed the existence of an intermittent river that flowed in a northeast to southwest direction before eventually entering the lake within the sand dune area. Greater than 60% of the study area was covered by lunette dunes, which differed from the vast distribution of linear dunes in the surrounding areas. However, the arrangement of these lunette dunes (10 parallel strip lines; Fig. 5 ) exhibited some similarity with the surrounding linear dunes. It was therefore speculated that this could be related to the early evolution of the linear dunes. Generally, the length of the left wing of the sand dunes was between 10~30 m; the length of the right wing was between 20~80 m; and the width was 15~25 m. In comparison, the length of the lakes is approximately 10~30 m, and the width of the lakes is approximately 10~20 m. In this region, 81% of the sand dune area is concentrated within 1000 m 2 , and the distribution is relatively uniform, gradually increasing from small to large. The direction of the right wing was parallel to the direction of the entire line of dunes, and the length of the right wing was the same as the length of the lake. Furthermore, CV values ranged between 0.48 and 0.89. The morphology was relatively uniform, and, because of this, fluctuation was extremely small.
Correlations
Previous studies from Ash and Wasson [22] , Lancaster [23] , and Dong et al. [10] reported a good correlation between dune spacing and height. There is also evidence that spacing is more important than sand dune height on a landscape developmental pattern, which has to do with the association with the substrate type (availability) of sediments [5] . Therefore, we used correlation analysis to explore the relationship between lakes and lunette dunes. First, the left length of the dune and the lake width (Fig. 6a) and the right length of the dune and the lake length (Fig. 6b) were all linearly dependent, which indicated that the dunes generally extended alongside the right lake bank. Second, both sand dune area and lake area showed a strong linear correlation (Fig. 6c) , which indicated that the larger the lake area, the larger the sand area will be. In addition, the length of the lake showed a linear correlation to dune area, but the strength of the relationship was less than that of the lake area (Fig. 6d) . The above mentioned studies indicated that the desert area was mainly affected by the lake area, but its development was closely associated with lake length.
We also found that the left wing length of the dunes was approximately half the length of the right wing, the width of the dune was approximately 0.6 of the length of the right wing, and the width of the lake was approximately 0.5 of the length of the lake. Based on the linear relationship of the left wing length and width of the dunes (Fig. 6e) , the left side in itself could control the length and width of dunes, and the lesser that dune parameter relationships are, the more obvious it becomes that a large area composed of multiple sand dunes can occur under unstable relationships. Moreover, in the study area, the size and spacing of the dune area were not correlated (Fig. 6f) , which indicated that the distance between the dunes was generally small. Therefore, the lake size was the dominant factor responsible for the characteristics of the sandy area. The greater the length of the long axis of the lake is, the greater the long axis of the sand area will be.
To further verify the degree of influence of the correlation, we configured the parameters for the CCA and set the basic parameters, such as lake length, lake width X, and sand dune area Y, as variables. The calculated CCA between the two groups of variables was 0.927 (P < 0.01), suggesting that both groups showed an extremely obvious linear relationship, and the parameters of the factors had obvious effects on the sand dune area. The absolute value of the typical load indicated the weight of the influence of each factor (Table 1 ). The maximum impact of the lake area can be obtained through the absolute value of the typical load, followed by the right-wing dune length, which also indicated that the lake area had the greatest influence on the sand dune area. 
Wind speed and sand drift potential
Meteorological airflow and wind regime characteristics constitute the main dynamic factors of aeolian transport. The surface wind regime affects the formation of the dune landscape pattern and the evolution of the main dynamic factors [24] [25] [26] [27] . Given that the study area is located within the Southern Hemisphere, the area is controlled by the return of a high-pressure system in summer from the Indian Ocean to the central region of the continent, and the surface is affected by northerly and southwesterly winds. During the winter, the surface of the study area is mainly controlled by southeasterly winds that move across the desert.
As shown in Fig. 7 , winter wind speed is low (3.9 m s −1 ), and wind speed is the lowest in May, while summer wind speed is high (5.2 m s −1 ), and the maximum wind speed occurs in February. The study area is located within a lowwind-energy environment with an average annual DP of 232 VU (Fig. 7) . Autumn DP is highest (92 VU), followed by winter (81 VU), the lowest DP occurs in summer (only 24 VU). The resultant drift potential (RDP) is 49 VU, and the resultant drift direction (RDD) is southwest. The direction coefficient (RDP/DP) is between 0.22 and 0.41. Winter is characterized by a strong southeasterly wind, spring by an abated southeasterly wind, autumn by a slightly westerly to southwesterly wind, and summer by a strong northerly wind according to the minimum direction coefficient. Therefore, wind is most unstable throughout the year when it moves in a northwest-southeast direction. Linear sand dunes surrounding and within the lee of the lake (the west bank in this case) accumulate sand material, especially during summer and autumn when accumulation is strongest.
Discussion
All of the Earth's deserts are unique, and sand dunes are the main landforms of most deserts. In a desert environment, three factors will trigger the activation of dunes: sediment supply, strong winds, and low vegetation [23, 28, 29] , and these factors will increase the magnitude of desertification and consequently have disastrous effects on the ecological environment. Lunette dunes are shaped like crescent dunes, but they form in the opposite direction of windward and leeward slopes, with two wings that develop along the lakeside. As lakes dry up into lacustrine deposits during summer and autumn, sediment is redeposited on the east bank of lakes, which subsequently results in the emergence and development of right-wing dunes. Southeasterly winds dominate in spring and winter, and sediments pile up on the west bank of lakes, which allows for the development of the left wing. However, the lakes are in a more southeasterly or northwesterly direction of the basin that feeds them given that monsoon strength is greater during summer and autumn; thus, the eastern section of the lake (lake length) is more affected by wind and sediment accumulation than the western section of the lake (lake width). Moreover, the morphological features of the dunes exhibited a center angle parallel to the direction of the surrounding sand dunes.
According to Fitzsimmons et al. [4] , linear dunes of the Tirari Desert were formed by palaeochannels, alluvial plains, and floodplains. The accumulation of lunette dunes associated with these lakes derived from river and fluvial lacustrine sediment during the Late Quaternary. These lakes did not completely dry up but gradually separated from larger lake systems, and they continue to contribute to the modern development of sand dunes [31] . Because the development of linear sand dunes in the study area is closely associated with ancient drainage systems, the lunette dunes represent the mid stage of Tirari Desert development, which eventually formed linear dunes similar to the surrounding landscape.
Conclusions
In this study, we examined morphometric characteristics and the wind regime of lunette dunes in the Tirari Desert, and from this investigation have drawn three key insights.
(1) The Australian Tirari Desert lunette dune area has an average temperature of 22.6ºC, a mean sea-level pres- The right-wing direction of lunette dunes is basically parallel to the overall pattern of the sand dunes surrounding them, and the length of the right wing is similar to the length of the lake. The CV of each parameter was between 0.48 and 0.89, with a relatively uniform configuration and low volatility.
(2) The morphological parameters showed that the dunes stretch along the right bank of the lake, and the linear correlation indicated that the length of left-wing dunes could in itself determine the width of the dunes. The desert area is primarily affected by lake area, and the development process is closely associated with the length of the lake. The size and spacing of the dunes were not correlated.
(3) The lunette dunes investigated in this study were formed in a low-wind-energy environment. The average wind speed was 4.6 m s −1 , and the average DP was 232 VU. Throughout the year, lunette dunes form similarly to the linear dunes around them with a northwest-southeast wind direction. We can basically confirm that the lunette dunes will gradually continue to evolve into a linear dune connected with the periphery of the lakes.
